INTRODUCTION
All cell types making up the body (soma and germline) of a mammalian organism originate from the paternal and maternal gametes, which come together in a process known as fertilization. Germ cells transmit their genetic information to the next generation, whereas somatic cells do not transmit their genome to the next generation but develop into the body-the Germ-Plasm Theory of Heredity (1) postulated by August Weissmann. Primordial germ cells (PGCs), the precursors of oocytes and spermatozoa, arise as small clusters of 40-50 alkaline phosphatase-positive cells in the extraembryonic mesoderm of mice at around embryonic day (E) 7.25. After sex specification, at E10.5, PGCs begin to migrate from the primitive streak to the hindgut toward the developing gonads (2 -6) . After germ cell differentiation at E13.5, female germ cells enter meiosis, whereas male germ cells undergo mitotic arrest and resume meiosis only after birth at around 10 days post partum (dpp) (7) .
To date, relatively little is known about the key mechanisms underlying the complex biological processes of germ cell development and subsequent gametogenesis in vivo. Restricted access to and limited supply of biological cell materials (5, 6, 8) have spurred interest in developing suitable in vitro differentiation models to generate sufficient amounts of germ cells from pluripotent stem cells to conduct studies in reproductive biology. Although recent studies have successfully demonstrated that germ cells could be generated in vitro from murine and human embryonic stem cells (ESCs) (9 -21) , these generated cells have been inadequately characterized by assaying for the expression of marker genes, some of which are expressed in both undifferentiated stem cells and PGCs. Proof of functionality of these cells is required to unequivocally identify them as germ cells; however, such experiments are not feasible and/or ethical in humans. By carefully assessing the global gene expression pattern of fetal PGCs during the different stages of development and sex specification, as well as by adequately determining the differential gene expression in PGCs, somatic cells and pluripotent stem cells, we can develop appropriate and efficient in vitro model systems to enhance our understanding of germ cell development in vivo. In this study, we identified 11 genes that are highly expressed in developing fetal PGCs but not in ESCs and thus constitute specific PGC markers to distinguish PGCs from pluripotent stem cells during the in vitro derivation of functional gametes from ESCs. Of these 11 genes, four are specifically expressed in germ cells, but not in somatic tissues. Due to the conservation of identified genes between mice and humans, our findings will help discover new mechanisms concerning germ cells development and reproduction in the mouse and humans.
RESULTS

Morphologic and genetic analyses of male and female PGCs
Although male and female gonads of E11.5 Oct4-GFP (△PE) mouse embryos (22, 23) appear to be very similar, primary testes and ovaries are readily distinguished by their morphology at the onset of sex differentiation at E12.5 (Fig. 1A) . mRNA expression levels of Oct4, and thus green fluorescence protein (GFP) intensity, decrease dramatically in female PGCs on E13.5, compared with that on E12.5, coinciding with entry into meiosis, whereas male germ cells undergo mitotic arrest and maintain nearly constant GFP intensity and Oct4 mRNA levels until birth (Fig. 1B and C) . As GFP protein is stable, with a half-life of 26 h (24), meiotic PGCs that no longer express Oct4 can still be isolated by fluorescence-activated cell sorting (FACS) for the low GFP-positive cell population.
We analyzed the global gene expression patterns of male and female PGCs of E11.5 to E18.5 and compared them with those of ESCs. Principal component analysis (PCA) revealed an almost identical global gene expression in male and female PGCs on E11.5, but upon sex differentiation on E12.5, male PGCs showed a positive first PCA component and female PGCs a negative first PCA. However, the second PCA component revealed an increasing developmental difference between female and male PGCs on E13.5, concomitant with entry into meiosis of female PGCs and mitotic arrest of male PGCs ( Fig. 2A) . Hierarchical cluster analysis of the global gene expression pattern revealed that ESCs clustered closely with sexually bipotential PGCs at E11.5, but not with PGCs after sex differentiation (Fig. 2B) . Scatter plot of the global gene expression of PGCs of E12.5 to E18.5 depicted a dramatic increase in differentially expressed genes and complete sex segregation (Fig. 2C) . Taken together, these results demonstrate that the molecular signatures of male and female PGCs are highly distinct from each other and from that of ESCs.
Identification of PGC-specific genes during fetal development of germ cells
By imposing the simultaneous criteria of low expression in ESCs and high expression in male and female PGCs of E11.5 to E18.5 in the gene expression microarrays (Fig. 3A) , we were able to identify 11 germ cell-related genes (Fkbp6, Mov10l1, 4930432K21Rik, Tex13, Akt3, Gm1673, Hba-a1, Pik3r3, Plcl2, Spo11 and Tdrkh) and to confirm these findings by real-time quantitative reverse transcriptase -polymerase chain reaction (q-RT-PCR) of male To confirm the germline specificity of the identified genes, we determined their expression in somatic tissues of all three adult mouse germ layers by real-time q-RT -PCR. Fkbp6, Mov10l1, 4930432K21Rik and Tex13 exhibited no or very low expression levels in tissues from brain and skin (ectoderm), heart and muscle (mesoderm) and liver and lung (endoderm), compared with ESCs (Fig. 4A) . Expression of Hba-a1 was detected at high levels in all somatic tissues, whereas the remaining six genes were detected at only low-to-moderate levels (Supplementary Material, Fig. S2A ). In addition, Fkbp6, Mov10l1, 4930432K21Rik and Tex13 were expressed at moderate-to-high levels in adult testes, but were not expressed in the ovaries, suggesting that these genes play a role in regulating male gamete development. With the exception of Fkbp6, all other genes were expressed at lowto-moderate levels in spermatozoa, and with the exception of Tex13, the other three genes were detected at moderateto-high levels in oocytes ( Fig. 4B and C). Fkbp6 mRNA levels were 17-fold higher in MII oocytes, compared with levels in ESCs, and approximately 4-fold lower than Mov10l1 and 4930432K21Rik. Our observations are consistent with those of a previous study identifying Fkbp6 as a component of the synaptonemal complex that is essential for male, but not for female, fertility (25) . Mov10l1 is one of the 25 genes reported to be specifically expressed in mouse spermatogonia (26) ; its expression in fetal PGCs, ovaries and oocytes has not been reported to date. 4930432K21Rik is a novel gene of unknown function, which we detected in fetal PGCs, testes, spermatozoa and oocytes. Lack of expression of the four genes-Fkbp6, Mov10l1, 4930432K21Rik and Tex13-in the ovaries may be due to the high somatic to germ cell ratio in that organ, for there are only approximately 20 MII oocytes per ovary. Further experiments should shed light on the roles of these genes in germ cell maturation. Our data, furthermore, suggest that Tex13, like the other members of the Tex family, is specifically involved in spermatogenesis, as Tex13 mRNA levels could not be detected in ovaries or oocytes. Future investigations should unravel its role in male germ cell development. All other identified genes-Akt3, Gm1673, Hba-a1, Pik3r3, Plcl2, Spo11 and Tdrkh-were found to be expressed at moderate-to-high mRNA levels in the male and female reproductive organs, as well as in spermatozoa and oocytes (Supplementary Material, Fig. S2B and C). Spo11 (27, 28) and Tdrkh (29, 30) have been associated with germ cells; however, expression of the remaining five genes has not yet been reported in fetal PGCs, reproductive organs or gametes.
Expression analysis of the identified genes in spermatogonial cells during newborn testes development
To determine whether the identified germ cell markers are also expressed in spermatogonial cells during meiosis of male gametes, we performed microarray analysis of spermatogonial cells isolated from testes at 8 -20 dpp. Again, all 11 genes (Fkbp6, Mov10l1, 4930432K21Rik, Tex13, Akt3, Gm1673, Hba-a1, Pik3r3, Plcl2, Spo11 and Tdrkh) were highly expressed in germ cells of all stages examined (Fig. 5A) .
PCA of global gene expression of these spermatogonial cells revealed a significant difference when compared with male and female embryonic PGCs ( Fig. 5B ; Supplementary Material, Video S1), and scatter plots showed an increased number of differentially expressed genes before the onset of meiosis at 8 dpp till the formation of round spermatids at 20 dpp (7) 
Expression of the identified genes in in vitro-derived PGCs
To assess the suitability of these new markers for the study of germ cell derivation in vitro, we analyzed the expression of these genes in ESC-derived PGCs on days 12 and 15 of differentiation by real-time q-RT -PCR. All new identified genes were found to be expressed at moderate levels, along with known germ cell and meiotic markers ( Fig. 6A and B ; Supplementary Material, Fig. S6A ). Positive immunostaining for synaptonemal complex protein 3 (Sycp3) was used as additional control to ensure proper germ cell differentiation in vitro (Supplementary Material, Fig. S6B ).
Evolutionary conservation of the identified genes between mouse and human
Of the genes we identified, 4930432K21Rik, Tex13 (testis-expressed gene 13) and Gm1673 (predicted gene 1673) are novel genes and have as yet unknown functions (Supplementary Material, Table S1 ). Most interestingly, the identified genes have homologs in humans, demonstrating their evolutionary conservation and thus indicating their functional importance. Examination of the homolog genes in human somatic and reproductive organs by real-time q-RT -PCR revealed that FKBP6 and MOV10L1 were highly expressed in human testes and that MOV10L1 was also highly expressed in human ovaries. C19orf57, the human homolog of 4930432K21Rik, was detected at only low levels in the reproductive organs, with similar expression levels detected in somatic tissues, whereas TEX13B was not detected at significant levels in any of the organs examined (Fig. 7A) .
SPO11 and AKT3 exhibited high expression levels in testes and ovaries, respectively. All other genes have found to be expressed at low-to-moderate levels in the brain (ectoderm), muscle (mesoderm) and liver (endoderm). HBA2 was detected at high levels in testes and ovaries (Fig. 7B) ; however, similar expression levels were also detected in somatic tissues. We therefore postulate that these genes are directly involved in germ cell development. Future experiments should test this hypothesis.
DISCUSSION
This study demonstrates that the newly identified genes (Fkbp6, Mov10l1, 4930432K21Rik, Tex13, Akt3, Gm1673, Hba-a1, Pik3r3, Plcl2, Spo11 and Tdrkh) exhibit a differential gene expression profile in germ cells, spermatogonial cells, ESCs and somatic tissues, which make them ideal and specific markers to identify germ cells during the in vitro derivation of germ cells from pluripotent stem cells. As known germ cell markers-such as Oct4, Blimp1, Stella, Fragilis, Vasa and Dazl-are also commonly expressed in ESCs (11,31 -35) , the genes identified in this study represent new germ cell markers that can be used to improve upon detection and enrichment of putative PGCs in in vitro differentiation systems.
Studies in reproductive biology of mammalian embryonic development face two major difficulties: the limited availability of cellular materials and the lack of specific markers expressed exclusively in the germline or in germ cells of in vitro 
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Human Molecular Genetics, 2011, Vol. 20, No. 1 differentiation systems. In addition, genetic and morphologic similarities between ESCs and PGCs make it difficult to distinguish the two cell types in in vitro differentiation experiments, wherein the above-mentioned markers were used to generate transgenic ESC lines to track formation of PGCs in vitro (9, 10, 36) . The aim of this study was to identify new markers specific to early PGCs-i.e. genes not expressed in pluripotent stem cells-to facilitate the development of better in vitro differentiation models for the generation of PGCs from pluripotent stem cells. In contrast to previous studies (37-39), which analyzed PGCs at only a few time points during mouse fetal development, here we performed a comprehensive dynamic global gene expression profiling of murine fetal PGCs covering the entire period of embryonic gonads development from E11.5 till E18.5. With such analysis, we identified 11 germ cell markers-Fkbp6, Mov10l1, 4930432K21Rik, Tex13, Akt3, Gm1673, Hba-a1, Pik3r3, Plcl2, Spo11 and Tdrkh-that allow us to distinguish germ cells from pluripotent stem cells in in vitro differentiation models. These genes exhibit very low mRNA expression levels in ESCs, but high levels in male and female PGCs during embryonic development. In addition, high expression levels of these genes were detected in spermatogonial cells from mouse testes of 8 -20 dpp. All 11 identified genes represent powerful tools to distinguish germ cells from pluripotent stem cells. In addition, four of these genes (Fkbp6, Mov10l1, 4930432K21Rik and Tex13) are expressed specifically in germ cells but not in somatic cells indicative for their role in mammalian reproduction and fertility (Table 1) .
As most of these genes are also expressed in ESC-derived PGCs (Table 1) , we propose that these genes represent the long-missing tool for the in vitro derivation of functional gametes from pluripotent stem cells. Most importantly, by using these genes as germ cell markers, we expect to garner significant insight into human reproduction and fertility, as these genes have human homologs (Table 2 ) and are thus evolutionary conserved in mammals.
MATERIALS AND METHODS
Isolation of PGCs from mouse fetus
Fetal ovaries and testes were isolated from OG2/CD1 (△PE-GFP) E8.5 to E18.5 embryos by disaggregating the genital ridges of E8.5 to E11.5 embryos and fetal gonads of E12.5 to E18.5 embryos. Disaggregation was performed by enzymatic digestion with collagenase type 1A (Sigma, Germany) and trypsin-EDTA (0.25%) at a ratio of 1:2 with shaking at 700 rpm for 8 min at 378C. Single cell suspension was achieved more efficiently by triturating the cell aggregates. Enzymatic digestion was stopped by adding a 2-fold 
Flow cytometry analysis
Single cell suspensions of GFP-positive PGCs were analyzed using a FACSAria cell sorter (BD Biosciences). Data analysis was done using FlowJo software (Treestar). GFP mean fluorescence of GFP-positive cells was quantified in arbitrary units.
In vitro differentiation of PGCs from ESCs
Male and female OG2 (△PE-GFP) ESCs were differentiated in vitro toward PGCs according to the differentiation protocol described previously (9) .
Immunohistochemistry
Immunohistochemistry for Sycp3 was performed using the spreading technique. Primary anti-Sycp3 (1:500; Abcam, UK) was incubated 2 h on slides at room temperature. After washing in blocking solution, secondary fluorescent antibody (1:1000; Alexa 568; Molecular Probes, Germany) was incubated for 1 h at room temperature and slides were mounted in DAPI-containing mounting medium (Vectashield; Vector Laboratories Inc., Burlingame, CA).
RNA isolation
RNA from FACS-sorted GFP-positive PGCs and somatic tissues of different organs was isolated using the RNeasy micro and mini kits (QIAGEN) with on-column DNase digestion, as per the manufacturer's instructions. RNA quality was determined using a Nanodrop (ND-1000) spectrophotometer and an Agilent RNA 2100 Bioanalyzer.
Global gene expression analysis
For RNA isolation, PGCs were sorted by FACS, collected by centrifugation, lysed in RLT buffer (QIAGEN) and processed using the RNeasy micro and mini kits with on-column DNase digestion as per the manufacturer's instructions. Integrity of RNA samples was quality checked using a 2100 Bioanalyzer (Agilent). If possible, 300 ng of total RNA per sample was used as the starting material for linear amplification (Illumina TotalPrep RNA Amplification Kit, Ambion, Austin, TX), which involved the synthesis of T7-linked double-stranded cDNA and 14 h of in vitro transcription incorporating biotin-labeled nucleotides. Purified and labeled cRNA was then quality checked on a 2100 Bioanalyser and hybridized as biological or technical duplicates for 18 h onto MouseRef-8 v2 gene expression BeadChips (Illumina, San Diego, CA), following the manufacturer's instructions. After being washed, the chips were stained with streptavidin-Cy3 (GE Healthcare, Germany) and scanned using an iScan reader and accompanying software.
Microarray data processing
Bead intensities were mapped to gene information using BeadStudio 3.2 (Illumina). Background correction was performed using the Affymetrix Robust Multi-array Analysis background correction model (40) . Variance stabilization was performed using log 2 scaling, and gene expression normalization was calculated with the quantile method implemented in the lumi package of R-Bioconductor. Data post-processing and graphics were performed with in-house developed functions in Matlab. Hierarchical clustering of genes and samples was performed with a correlation metric and the unweighted pair-group method using average (UPGMA) linkage method. PGC markers were identified by searching for genes both marginally expressed in ESCs and highly expressed in all (male and female) PGCs.
Accession numbers
All the raw and processed microarray data discussed in this publication have been deposited into NCBI's Gene Expression Omnibus (41) in a MIAME-compliant format and are accessible through GEO Series accession number GSE23322 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23322).
RT -PCR and real-time q-RT -PCR
About 250 ng of RNA was reverse-transcribed to cDNA by using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany). Quantitative real-time TaqMan RT -PCR was performed on 7900ht and ht fast devices (Applied Biosystems) with milliQ H 2 O and TaqMan Universal PCR Master Mix (Applied Biosystems). Raw data were obtained by SDS 2.3 (Applied Biosystems). Gene expression was normalized to the mouse housekeeping gene Hprt. Relative quantification of gene expression was calculated using the △△Ct method. Three technical replicates were used for each real-time q-RT -PCR reaction; a reverse transcriptase blank and a no-template blank served as negative controls. Primer sequences for real-time q-RT -PCR are listed in Supplementary Material, Tables  S2 and 3. 
